Fe-based protective coatings are promising alternatives to replace large or expensive mechanical structures in aggressive environments, such as, in petrochemical industries. In this work, we have evaluated the corrosion and abrasive wear resistance of coatings produced by the HVOF thermal spray process using the commercial SAF2507 Superduplex alloy modified by the addition of 3.0 wt% boron. Three coatings were obtained from different metal powders produced by different routes (spray forming and high energy ball milling). The coatings had a partially amorphous structure containing a dispersion of nanocrystalline borides, such as Fe 3 B and (Fe,Cr) 2 B. The coatings showed significant improvement in abrasive wear resistance and preserved the high corrosion resistance of the commercial SAF2507 Superduplex alloy.
Introduction
The good properties, such as high corrosion and wear resistance associated with Fe-based bulk metallic glasses (BMGs) have attracted large scientific and technological interest in recent years. Numerous papers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] have discussed how to use these alloys to take advantage of their good properties.
Amorphous and/or nanocrystalline structures are often required to achieve good corrosion and wear resistance such as those found in BMGs alloys, and therefore, the use of non-conventional processes involving high cooling rates of the molten metal [15] is necessary. Among the most prominent techniques, we can highlight the thermal spray technique called high velocity oxygen fuel (HVOF).
HVOF is widely used in the industry to protect structures from aggressive environments [16] . Compared with flame and plasma spray, the HVOF coatings exhibit low porosity, high hardness, high adhesion as a result of the high particle velocity at impact and a relatively low particle temperature process [17] . The technique can replace the expensive cobalt and nickel-based alloys and the conventional hard chrome electrodeposition process. Some benefits of HVOF process compared with the hard chrome electrodeposition process are the low capital investment, the low energy cost, the range of materials choice, the waste disposal are not toxic, no limitation on size of part, the high deposition rates, the equipment can be portable and fewer process steps [18] .
Some disadvantages of HVOF process include the parameters model and the system control, because of its inherent complexity. The amount of heat content in the HVOF system is very high, so over heating of the substrate is quite likely. Difficult to coat inside diameters, the layer uniformity, the deposition control and the surface finish are some disadvantages of the HVOF process compared with electrodeposition process, for example [18] .
Several works [3] [4] [5] [7] [8] [9] [10] have reported the advantages of using HVOF dense protective coatings for their excellent corrosion properties. The corrosion current densities are typically on the order of 10 −5 and 10 −6 A/cm 2 in potentiodynamic polarization tests in saline solution. Some reports [6, 11, 12] have also revealed the superior wear resistance. But few works [13] [14] have reported the influence of microstructure on both, corrosion and wear resistance.
The alloy composition plays an important role in corrosion and wear resistance. Z. Zhou et al. [3] call the attention for the importance of the addition of beneficial alloying elements for the improvement of corrosion properties. In some cases, the alloy composition is more important for corrosion resistance than having an amorphous structure. Botta et al. [1] also confirmed the important role of Cr for the corrosion properties of amorphous Fe-based alloys, and report excellent corrosion properties for the system FeCrNiB in neutral, acid or alkaline solutions containing chloride ions.
The high corrosion resistance of amorphous alloys is related to the homogeneous chemical structure and the absence of crystallographic imperfections, such as, grains, grain boundaries, second phase elements, dislocations and segregations [19, 20] . The passive film formed on the surface of these materials is more uniform and stable than the films formed on the surface of crystalline alloys [1] .
In terms of abrasion wear resistance, the use of boron as alloying element to promote the formation of borides in microstructures has been reported to be beneficial. The presence of B to form continuous three-dimensional networks of borides, has been reported to improve the material protection against abrasive particles present in aggressive environments. Zepon et al. [2] reported the formation of (Fe,Cr) 2 B in Fe-based alloys by spray forming. The abrasive wear resistance measured by dry sand against rubber wheel is better at high volume fraction of borides and for small boride inter-particle distance.
In the present work, the influence of different powders used in the HVOF process on the microstructure, corrosion and abrasive wear resistance of coatings made using commercial SAF2507 Superduplex alloy with additions of boron was studied. The commercial SAF2507 Superduplex alloy was used because of its close chemical composition to an amorphous FeCrNiB alloy studied in a previous work [1] which presented excellent corrosion resistance properties. We used the denomination SDM (Superduplex modified) in the present study to refer to this alloy composition. The coating was characterized by X-ray diffraction (XRD), differential scanning calorimetry (DSC), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The corrosion properties were evaluated by potentiodynamic polarization in saline media and the abrasive wear resistance was evaluated by the standardized dry sand/rubber wheel test (ASTM G65-04).
Materials and methods
The selected alloy composition in this studied was the commercial SAF2507 Superduplex alloy modified by the addition of 3.0 wt% of boron using a Fe-B alloy. The compositions of both alloys are listed in Table 1 . The addition of commercially pure elements such as Cr and Ni was also made to adjust the alloy composition. The final composition is listed in Table 1 and called SDM (Superduplex modified).
Amorphous ribbons were prepared using an ingot made by arcmelting. The induction-melting was performed under a high purity argon atmosphere in a quartz tube. The ingot was injected through a nozzle onto a Cu wheel, rotating at 1500 rpm, to produce rapidly solidified ribbons by melt spinning. The ribbons had a thickness of about 10 μm and width of 1.5 mm. The amorphous ribbons were characterized by X-ray diffraction (XRD) and differential scanning calorimetry (DSC).
Three different powders were produced for the HVOF thermal spray process. The powders were first produced by a spray forming process using the parameters shown in Table 2 . The overspray powder with the particle size b 45 μm composed the first powder, and was called: powder (Spray). The overspray powder with the particle size N45 μm was subjected to a high energy ball milling process in a ZOZ mill using the parameters listed in Table 3 . After milling, two powders were obtained: the first one with a particle size smaller than 45 μm, called: powder (ZOZ-1) and the second one with a particle size between 20 and 53 μm, called powder (ZOZ-2).
The three different powders were thermally sprayed by HVOF on an API 5L ×80 alloy substrate. This steel is used as riser pipes in oil extraction processes. The parameters used for the HVOF thermal spray are shown in Table 4 . The three different coatings are called SDM HVOF (Spray), SDM HVOF (ZOZ-1) and SDM HVOF (ZOZ-2), referring to the respective powders used.
The samples were characterized structurally by XRD using a Rigaku diffractometer, model Geigerflex ME210GF2 with Cu-Kα radiation (λ = 1,5418 Å); by DSC in a Netzsch 404 equipment with a heating rate of 40°C/min; by MET/EDS using Philips CM120 microscope with an accelerating voltage of 120 kV and a FEI Tecnai G2 microscope with an accelerating voltage of 200 kV and by SEM/EDS using a microscope Stereoscan 440 -LEO which was attached an EDS analyzer -250 Inca -Oxford.
The corrosion resistance properties were evaluated from the polarization curves in a salty environment (35 g/L NaCl) using a potentiostat/ galvanostat PGSTAT Metrohm Model 302N AUTOLAB BV, the counter electrode used was platinum and the reference electrode was a silver chloride electrode (Ag/AgCl). Open-circuit tests were conducted for 30 min and the potentiodynamic analysis started at a potential 100 mV below the equilibrium potential in open-circuit until the current density reached a value of 1 or 0.1 mA/cm 2 . The scanning speed was 1 mV/s. The surface finish of all samples was the same using 1 μm diamond paste. The data of the polarization curves were obtained by the NOVA 1.10 software and the corrosion current density was obtained by the Tafel extrapolation method. The good reproducibility was ensured by repeating each test thrice.
The wear resistance of the coatings was evaluated by abrasive wear tests on rubber wheel and dry sand, following the ASTM G65-04. Procedure B was adopted from the standard which involves wheel speed of 200 rpm for 10 min.
Results and discussion
The structural analysis of the ribbon obtained by the melt-spinning process is shown in Fig. 1 . The ribbon shows a diffuse X-rays diffraction pattern typical of amorphous phases. The DSC thermogram shows two exothermic reactions indicating a crystallization onset temperature around 550°C. No crystallite is seen on the TEM bright field image and a diffuse diffraction pattern is observed. All analyzes indicate an amorphous structure for the SDM alloy ribbon. Fig. 2 shows the morphology of the powders used in the HVOF thermal spray process. The powder obtained directly from overspray shows a spherical shape and the surface is partially covered by a dendritic structure which indicates the partial formation of crystalline phases. The powders processed by high energy ball milling have a very irregular aspect due to the successive deformation, cold welding and fragmentation, inherent to the milling process [21] . Fig. 3 shows cross sections of coatings obtained from the different powders. It is found that all coatings are relatively well-bonded to substrates. The typical morphology of thermal spraying coatings is observed in all samples, which present pores, oxide inclusions and lamellar microstructures due to successive passes from the HVOF gun. A better particle size distribution (20-53 μm), in the powder SDM (ZOZ-2), provided lower porosity as seen in Table 5 . Li and Christofides [17] explain that the powder size distribution is an important factor in thermal spray processes. A narrow particle size distribution leads to a more uniform and dense layer with low porosity.
The X-ray diffraction patterns of the coatings (Figs. 4, 5 and 6) indicate the formation of ferrite and austenite phases, typical in duplex steels and also the formation of two borides, one with tetrahedral structure (Fe 3 B) and the other with an orthorhombic structure (Fe,Cr) 2 B. Some oxides of the type (Fe,Ni) 3 O 4 were observed in the SDM HVOF (ZOZ-1) coating probably because of the fine particle size used in this particular case (large surface to volume ratio).
The DSC thermograms of the coatings (Figs. 4, 5 and 6) show the presence of exothermic peaks indicating presence of amorphous phase which crystallize. The difference between the reactions stages and its temperatures are due to the formation of crystalline phases on spraying and therefore, the composition of amorphous phase in coatings is different from that of the fully amorphous ribbons (Fig. 1 ). Using the ratio between the area of the exothermic peaks of the coatings and the area of the exothermic peak of the amorphous ribbon, it was possible to evaluate the volume fraction of the amorphous phases in each coating. The percentages were approximately 30% for SDM HVOF (Spray) coating, 60% for SDM HVOF (ZOZ-1) coating and 40% for SDM HVOF (ZOZ-2) coating. It is observed that the highest percentage of amorphous phase was obtained in the SDM HVOF (ZOZ-1) coating obtained from the fine ball milled particles. This coating shows the highest level of oxide and therefore, the large fraction of amorphous phase may be related to a higher level of oxygen in this material. However, the properties of HVOF thermal spray coatings depends on several parameters such as particle velocity, particle size, temperature, oxidation, composition and so on, therefore complete understanding requires more investigation of the system [17] . Fig. 7 shows TEM bright field micrograph of the SDM HVOF (ZOZ-1) coating with clear suggestion that the HVOF processing was able to produce a predominantly amorphous layer. Fig. 8(a) shows round features which were associated with the porosity from the HVOF processing and primary crystals from the solidification of the liquid with sizes in the range of 10-100 nm. Fig. 8(b) shows in greater details, again in a STEM dark field micrograph, the morphology and nucleation aspects associated with the crystals. New crystals are clearly nucleating either by direct contact with the existing crystals or in the regions nearby. Fig. 9 shows a TEM picture of one of the largest crystal, and corresponding selected area electron diffraction pattern (SAEDP) which included the crystal and the surrounding matrix. The SAEDP clearly indicates an amorphous halo corresponding to the matrix and crystalline pattern which was indexed as the (Fe,Cr) 2 B tetragonal phase. This type of crystallite is often observed in these coatings, and they are easily identified by the typical fringes in their structure which indicate the presence of stacking faults. These features are typical of borides with M 2 B structures [22] . EDS microanalysis of the crystallite (Table 6) showed the presence of Fe and Cr but no Ni. Boron is not detectable by this technique. Fig. 10 shows the volume loss after five abrasive wear tests on rubber wheel and dry sand for the coatings, commercial SAF2507 Superduplex alloy and API 5L ×80 alloy. The average standard deviation is small for all samples. The Rockwell C hardness was inserted together in the graphic.
The three coatings show a higher hardness and a lower volumetric loss than the commercial SAF 2507 Superduplex and API 5L ×80 alloys. The wear resistance is about four times better for the HVOF coatings. Similar results were found by Fu et al. [23] , which produced partially amorphous Fe-based coatings with excellent abrasive wear resistance, about 6 times higher than the comparative sample (arc-sprayed 3Cr13 coating), however, the effect of percentages of crystalline and amorphous phases on the coatings' wear resistance was not obvious. Fig. 11 shows the SEM images of the worn surfaces of the three coatings. In this sort of wear test, the abrasive sand particles roll between the rubber and sample surfaces, removing the surface material due to deep indentation and entrainment of the abrasive particles, forming the parallel grooves and scratches to the sliding direction seen in the images. By observing Fig. 11 , one can see a significant difference in the scratches concentration of the three coatings, which suggest the protection effect of borides nanocrystals in the coatings structure. The SDM HVOF (Spray) coating, the one with the highest percentage of crystalline structure, showed a low concentration of scratches, Fig. 11a , indicating an excellent abrasive wear resistance, as proved in the result of abrasive wear test in the Fig. 10 , with the smallest volumetric loss. However the SDM HVOF (ZOZ-1) coating, Fig. 11b , the one with the lowest percentage of crystalline structure, showed a high concentration of scratches and the biggest volumetric loss among the coatings. Therefore, the presence of a higher amount of borides ensured a better performance in front of the abrasive wear mechanisms. Fig. 12 show the polarization curves performed on the three SDM coatings, on commercial SAF2507 Superduplex alloy, on API 5L × 80 alloy and on the SDM amorphous ribbon. Table 7 show the main information obtained from the polarization curves; corrosion potential (Ecorr), corrosion current (icorr), critical potential (Ecrit), passivation width (ΔE = Ecrit − Ecorr) and corrosion rate. The values of Ecrit can be associated either with the disruption of the passive layer or with oxygen evolution. The critical potential or the breaking-off of the passive Fig. 9 . Images in bright field and crystallite diffraction pattern for SDM HVOF (ZOZ-1) coating. Table 6 Semi-quantitative EDS analysis performed in the regions indicated in Fig. 9 .
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Fe
Si Cr Ni layer was defined as the potential where the current density reaches the level of 10 μA/cm 2 .
As also noticed in previous work [1] , the amorphous ribbon shows low corrosion current density and an extended stable passivation plateau. Low corrosion current density was also observed in commercial SAF2507 Superduplex alloy but no stable passivation plateau was detected.
For the SDM coatings, the higher the percentages of amorphous phase, the better the corrosion resistance. This trend can also be seen in the study [5] , which produced partially amorphous Fe-based coatings by HVOF process, the coatings showed in the potentiodynamic polarization test, in saline solution, a corrosion current density in the order of 10 −6 A/cm 2 , with better results for the coatings with higher percentage of amorphous phase. According to Zhang et al. [5] , the differences in corrosion resistance are due to the combined effect of oxidation and porosity in coatings.
The best performance is observed for the SDM HVOF (ZOZ-1) coating which has a slightly larger thickness compared to the other coatings. Generally, the corrosion properties of amorphous coatings are sensitive to the alloy composition and improve with lower porosity or higher amorphous phase content [3, 24] . It is important to notice that the increase of corrosion resistance is gradual and not abrupt. Therefore, a good balance between corrosion and wear resistance can be made.
Indeed, a significant and important result can be seen for that SDM HVOF (ZOZ-1) coating which has the highest percentage of amorphous phase (60%). This sample shows a near corrosion current density, in the order of 10 −7 A/cm 2 , and similar corrosion potential to the SDM amorphous ribbon and the commercial SAF2507 Superduplex alloy, moreover, as seen before, an excellent wear resistance due to the presence of boride nanocrystals.
Finally API 5L × 80 alloy which has the worst corrosion resistance properties showed a corrosion current density on the order of 10 −6 A/cm 2 . It is worth noting that the corrosion current densities of these samples are relatively low. A corrosion current density of 10 −5 A/cm 2 is equivalent to a corrosion rate of about 0.1 mm/year which is considered relatively small.
Conclusion
Three successful coatings were produced by HVOF thermal spray process from different SDM alloy powders. A narrow particle size distribution leads to a lower porosity level. Structural characterization showed a partially amorphous structure and a dispersion of nanocrystalline borides of the types Fe 3 B and (Fe,Cr) 2 B.
The SDM alloy showed a good glass forming ability during the HVOF thermal spray process, and proved to be a suitable alloy to protect steels in aggressive environments. The presence of nanocrystalline borides ensured a significant increase in abrasive wear resistance compared to commercial SAF 2507 Superduplex alloy without deterioration of the high corrosion resistance of this alloy. 
